1. Introduction {#sec1}
===============

Invasive species can be expensive pests, causing changes to local ecosystems that can interfere with ecosystem services and extirpate native organisms ([@bib24], [@bib45]). Invasive hosts can also disrupt native host--parasite relationships that are important to ecosystem productivity, stability, and biodiversity ([@bib2]). Host--parasite dynamics within the native populations can be altered by the introduction of nonindigenous parasites because native host populations might lack the defenses necessary to combat the introduced pathogens ([@bib4]). Likewise, increases in the abundance of native parasites can occur if populations of the introduced host are capable of being suitable hosts and/or reservoirs for parasites of native species ([@bib19], [@bib21]). Given that invasives can alter native species diversity via their introduced parasites ([@bib50]), it is important to investigate the parasite--host interactions when areas become invaded ([@bib35], [@bib13], [@bib46]). The Cuban treefrog (CTF), *Osteopilus septentrionalis*, is an invasive amphibian species that is ideally suited to address any such loss or new acquisition of parasites because they are extremely abundant and easily captured.

The CTF is an invasive anuran native to Cuba, the Cayman Islands, Island de Pinos, and the Bahamas. It was introduced to Puerto Rico, various islands in the Lesser Antilles, Alabama, Georgia, Maryland, Minnesota, Hawaii, and Florida ([@bib47], [@bib29], [@bib20]). The original introduction of CTFs into Florida is believed to have occurred in the Keys and spread throughout Florida as a result of highway construction ([@bib5], [@bib29], [@bib22]). Because *O. septentrionalis* is often larger than the Florida-native treefrogs, has a broad dietary niche ([@bib28]), and can reproduce throughout the year with average clutch sizes of 2000--4000 eggs, it is displacing native treefrogs ([@bib29]).

Although CTFs have inhabited Florida for nearly 100 years, we are unaware of any published surveys of its parasites in this introduced range. Thus, we quantified macroparasites in CTFs from a natural area near Tampa, Florida, USA where the CTFs have been established since 1992 ([@bib9]) and compared these parasites to those previously reported in the CTF from its native range, as well as the parasites of native anurans. We hypothesized that CTFs from Tampa harbor parasite species from their native range and that an exchange of parasites between native hosts and CTFs has resulted in CTFs acquiring new parasite species.

2. Materials and methods {#sec2}
========================

2.1. Experimental details {#sec2.1}
-------------------------

During the summers of 2005--2008, 330 CTFs were collected from polyvinyl chloride (PVC) pipes encircling 37 wetlands spanning 4000 acres within or near the Morris Bridge Wellfield (MBWF) within the Flatwoods Wilderness Park in northeastern Hillsborough County, Florida (28°07′01.08″N 82°18′11.15″W). The MBWF is primarily second-growth pine flatwoods forest matrix with numerous borrow pits, hardwood swamps, freshwater marshes, and cypress domes ([@bib18], [@bib9]).

Each host was placed in a plastic bag and frozen until necropsied. Host snout-vent length (SVL) and wet weight were recorded. For hosts \>41 mm, sex was determined by the presence/absence of nuptial pads and evidence of mature reproductive organs. All hosts \<42 mm were considered juveniles due to a lack of discernable reproductive organs. The body cavity was opened by a longitudinal incision from vent to throat and all internal body organs were examined for macroparasites. Species of parasites were counted and preserved in 70% ethanol. Identification and confirmation of parasites were provided by Charles Bursey at Pennsylvania State University\'s Shenango Campus and by Dr. Omar M. Amin at Parasitology Center, Inc. (PCI) in Scottsdale, Arizona. The following voucher specimens were deposited in the United States National Parasite Collection Beltsville, Maryland: *Cylindrotaenia americana* (No. 105165), *Oswaldocruzia lenteixeiria* (No. 105160, 105161), *Centrorynchus* sp. (No. 105166), *Physaloptera* sp. (No. 105162), acuariid larvae (No. 105163), and trematode metacercaria (No. 105164).

2.2. Statistical analyses {#sec2.2}
-------------------------

Statistical analyses were conducted using R statistical software ([@bib39]). Prevalence, mean intensity, and mean abundance were calculated in accordance with definitions provided by [@bib58]. We tested for differences among males, females, and juveniles in their parasite mean abundance and mean intensity based on a negative binomial error distribution using the "glm.nb" function ("MASS" package). Differences among males, females, and juveniles in their parasite prevalence and richness were determined using binomial and Poisson error distributions, respectively, by using the "glm" function ("MASS" package). Parasite evenness was calculated using Simpson\'s Diversity Index, and differences in parasite evenness among males, females, and juveniles were tested using a normal distribution and the "lm" function. A Bonferroni\'s alpha adjustment was used to keep the experiment-wise error rate at 0.05, which means that a p value $\leq 0.017$ was considered statistically significant when we tested for differences among males, females, and juveniles.

3. Results {#sec3}
==========

Three hundred thirty *O*. *septentrionalis* were collected and necropsied (68 males, 150 females, and 112 juveniles; mean mass \[g\] ± SE: males 6.28 ± 0.32, females 10.79 ± 0.66, and juveniles 2.14 ± 0.08, respectively). The overall parasite prevalence was 74.2%, and the overall mean abundance was 14.7 ± 2.5. At least nine species of parasites were isolated from the CTFs, which included six host records ([Table 1](#tbl1){ref-type="table"}). *Aplectana* sp., metacercariae, and acuariid larvae had the highest prevalences and mean abundances; the remaining helminths were relatively rare ([Table 2](#tbl2){ref-type="table"}). *Oswaldocruzia lenteixeirai* and *Aplectana* sp. were the only species that have been reported in the CTF\'s native and introduced ranges ([Table 3](#tbl3){ref-type="table"}).

Host type (male, female, or juvenile) significantly affected parasite mean abundance (*X*^2^ = 29.44, *P*=\<0.001) and mean intensity (*X*^2^ = 29.55, *P*=\<0.001) ([Fig. 1](#fig1){ref-type="fig"}) but did not affect prevalence (*X*^2^ = 3.55, *P* = 0.170), evenness (*F*~2,201~ = 0.632, *P* = 0.532), or richness (*X*^2^ = 6.96, *P* = 0.031) ([Fig. 2](#fig2){ref-type="fig"}). Juveniles had lower mean abundance and mean intensity, but the male and female adults did not significantly differ in these two categories (*P* \> 0.58; [Fig. 1](#fig1){ref-type="fig"}). On the other hand, juveniles did not significantly differ from adults, in prevalence and evenness, but they did significantly differ from adult females for parasite richness (*X*^2^ = 6.71, *P* = 0.01; [Fig. 2](#fig2){ref-type="fig"}). There was no significant difference between adult males and females in parasite evenness, richness, or prevalence (*P* \> 0.42, [Fig. 2](#fig2){ref-type="fig"}). Adults averaged (±SE) 19.36 (±3.67) parasite individuals, 1.39 (±0.07) parasite species, and 77.52% (±2.83) prevalence, whereas juveniles averaged 5.71 (±1.57) individuals, 1.05 (±0.09) species, and 67.86% (±4.41) prevalence, respectively.

4. Discussion {#sec4}
=============

4.1. Variation in parasites among juveniles and adult males and females {#sec4.1}
-----------------------------------------------------------------------

Our results indicate that there was no significant difference in abundance, intensity, evenness, richness, or prevalence between adult male and female CTFs despite males having greater home ranges because of extensive mate searching ([@bib53]). However, adult CTFs had many more parasites than juveniles. For many host species, infections can accumulate with age ([@bib40], [@bib41], [@bib42]). Our results suggest that CTFs acquire parasites through time such that older hosts have more parasites than younger hosts.

4.2. Ecology of the observed parasites {#sec4.2}
--------------------------------------

*Aplectana* spp. are cosmopolitan cosmocercid nematodes that usually reside in the gastrointestinal tract of amphibians and reptiles ([@bib3], [@bib1]). Identity to species is based on males; since only juveniles and females were found in the present study, specific identity was not possible. Gravid females can be viviparous or ovoviviparous and shed eggs and larvae in feces. At this time, the complete life cycle of *Aplectana* spp. is unknown ([@bib1]), but a single study suggests that tadpoles can ingest juvenile nematodes, but that direct penetration of the skin of frogs is unsuccessful ([@bib54]). In contrast, preliminary data from our lab show that post-metamorphic CTFs can be experimentally infected via skin penetration. Although there have been three reported *Aplectana* spp. in North America, only one, *Aplectana hamatospicula*, has been found in both Cuba and the U.S.A. In Cuba, this species has been found in 14 species of anurans, but it only occurs in one species native to Florida ([@bib3], [@bib54]).

Acuariids, nematodes belonging to the order Spirurida, have a heteroxenous life cycle, with birds and arthropods as definitive and intermediate hosts, respectively ([@bib1]). CTFs may only serve as a paratenic hosts. [@bib28] showed that the CTFs diet consists of an array of arthropods, thus the most likely mode of infection is by consumption of an infected arthropod intermediate host.

CTFs most likely acquired metacercaria through infection by cercariae during the tadpole stage, when they are often found in sympatry with trematode-infected snails. However, we cannot rule out the adults being infected with cercariae when they returned to the water to reproduce or by postmetamorphic frogs consuming trematode-infected terrestrial snails.

*C. americana* is a tapeworm that is found in at least 30 species of amphibians and reptiles in North America, three of which are native species in our study site. Because *C. americana* is also found in South America, Europe, Asia, and the Caribbean, it is impossible to determine whether or not this species was introduced to or acquired in Florida ([@bib26], [@bib17]). The life cycle of *C. americana* is not yet entirely understood, but transmission can occur in two ways: 1) directly, through coprophagy, or 2) indirectly, in which an infected invertebrate intermediate host (probably an insect) is ingested by the definitive host ([@bib38]).

*O. lenteixeiria* is a common species of strongylid nematode reported from about forty species of amphibian and reptile final hosts, including CTFs, in the Caribbean ([@bib11], [@bib3], [@bib31]). The third stage larva penetrates the skin or is ingested by the final host where it matures into an adult in the intestines ([@bib36]). This species is also known to parasitize brown anoles, *Anolis sagrei*, in the Caribbean, but has never been reported from this common nonindigenous lizard in Florida ([@bib14]).

*Rhabdias* is a cosmopolitan nematode genus found as adults in lungs of amphibians and reptiles. These protandrous hermaphrodites typically infect anuran hosts via skin penetration. ([@bib44], [@bib1], [@bib23]). At present, eight species of *Rhabdias* are known from North America, and at least two are from the insular Caribbean ([@bib8], [@bib25]). Since the few specimens found in our study could not be identified to species, it is impossible to determine whether this nematode was acquired or introduced.

*Physaloptera* spp. are known to occur in North America and in the Caribbean ([@bib32], [@bib27]). Generally, adult nematodes are found in the stomachs of mammals, reptiles, and birds that have ingested insect intermediate hosts. Although amphibians have not been reported as definitive hosts for *Physaloptera*, this group, as well as lizards, may harbor larvae that attach to the gastric mucosa, but do not encyst ([@bib15], [@bib1]). Some studies suggest that these hosts should not be considered paratenic since larvae do not encyst and often do not persist long in the host ([@bib15], [@bib7]). Therefore, CTFs may not serve as functional paratenic hosts for the unencysted *Physaloptera* larvae found in the present study as well as for another larval physalopterid, *Abbreviata* sp., reported from CTFs in Cuba ([@bib12]).

The developing larval stages of the acanthocephalan *Centrorynchus* sp. are commonly found in terrestrial insects or isopods, but adults are found in the small intestines of carnivorous birds. Furthermore, amphibians and reptiles may serve as paratenic hosts by consuming arthropods infected with cystacanths ([@bib33]).

Pentastomids (worm-like arthropods bearing two pairs of retractable hooks in the mouth region) have a heteroxenous life cycle, and adults are commonly found in the respiratory tract of vertebrates ([@bib34]). Although all classes of vertebrates and some invertebrates can serve as intermediate hosts, only fishes are reported to be unsuitable as final hosts ([@bib43], [@bib6]). It is likely that intermediate hosts are infected by ingesting eggs that are shed in the feces of an infected final host. After the larva penetrates the gut, it continues to migrate in the abdomen/coelem, and often ends up in the visceral tissue where it undergoes several molts until it becomes an infective nymph ([@bib34]). Although a few anurans can harbor adult pentastomids, most anurans are considered to be intermediate hosts with the final host being reptiles, a group that makes up approximately 90% of pentastomid species ([@bib43], [@bib6], [@bib34]). Despite the fact that we found pentastomid nymphs in the lungs of the CTFs, we were unable to further identify this group because the pentastomid maturation was either incomplete or stunted in the CTF host.

4.3. Implications for enemy release {#sec4.3}
-----------------------------------

Perhaps the best-described effect of invasive species on host--parasite interactions is the enemy release hypothesis (ERH) ([@bib52], [@bib30]). ERH suggests that invasive species have a competitive advantage in their introduced range because they leave behind many of their natural enemies in their native range. This is a product of several phenomena. First, most of the parasites in a population are in a small proportion of the hosts ([@bib48], [@bib49]). Thus, by chance alone, it is unlikely that a heavily infected host will be introduced and successfully become established in a new environment; it is also unlikely that a heavily parasitized host would survive translocation. Second, most infected hosts are not infected with all the parasite species in their native range ([@bib37]). Therefore, even if parasites are introduced with the host and successfully establish, the parasites typically only represent a small portion of the host\'s parasites from its native range. Third, many parasites have complex life cycles requiring multiple host species. Hence, even if a parasite with a complex life cycle is introduced with the host, it is unlikely to establish because other required hosts are typically missing. In addition to the loss of natural enemies, introduced hosts are also thought to acquire few parasites in their introduced range because these parasites lack an evolutionary history with the introduced host; therefore, the parasites might not recognize or be capable of infecting a novel host ([@bib30], [@bib51]).

In the present study, we found that CTFs harbored at least one parasite species from its native range but have also likely acquired parasites from herpetofauna native to the Tampa, FL area. Of the three types of parasites reported with the highest prevalences and mean abundances, the larval acuariids appear to have been acquired post invasion because they have never been reported in the CTF native range ([Table 3](#tbl3){ref-type="table"}) ([@bib3], [@bib1]). Only one parasite species, *O. lenteixeiria*, appears to be a confirmed introduced species because it is found commonly in the native range of CTFs ([Table 3](#tbl3){ref-type="table"}), but there are no records of this species from frogs native to Florida. Because the *Aplectana* specimens were not identifiable to species, we cannot be certain whether it was introduced or acquired by the CTF because this genus has been reported in Cuba as well as in Florida. However, it is worth noting that only one species, *A. hamatospicula*, has ever been reported from native anurans of Florida, and it was found only in one species, *Gastrophryne carolinensis*, in 1939, which means that it has most likely been introduced ([@bib55]).

CTFs at our study site were infected with fewer species of parasites than in their native range ([Table 2](#tbl2){ref-type="table"}) With the exception of *O. lenteixeirai* and possibly *Aplectana* sp., CTFs at our study site were devoid of the parasite species found in their native range ([Table 3](#tbl3){ref-type="table"}). Moreover, the prevalence of *O. lenteixeirai* is eight to fifteen times higher in its native than introduced range ([Table 3](#tbl3){ref-type="table"}); however, caution must be taken when making this comparisons between the parasites being reported in the native and introduced ranges because it is likely that several populations were surveyed across extensive areas ranging from the Bahamas to the Cuban Archipelago. As a result, we may be comparing fewer populations of CTFs or populations over a smaller spatial extent in Florida to more populations or at least populations distributed over a greater spatial extent in its native range. Because several of the previous studies do not list their sites of collection, we can not be sure as to how many populations of Cuban treefrogs were surveyed in their native range. However, we know that we collected frogs from thirty-seven wetlands over a 4000 acre park.

According to the enemy release hypothesis, a loss of enemies (in this case, parasite species) could, to some extent, facilitate the establishment and subsequent invasiveness of introduced species ([@bib52], [@bib30], [@bib51]). Nevertheless, [@bib10] advocate further investigation of the ERH because very few introduced species exhibit evidence of an enemy release; rather, they undergo an exchange or reduction of enemies. For example, in comparison to an overall mean parasite abundance of 4.6 calculated from [@bib12] and 12.7 calculated from [@bib16] in the CTF native range, this study indicates that the CTF has a higher mean abundance of 14.7 in the introduced range. Thus, careful consideration should be given to the vulnerability of introduced species to all of its enemies in native and invaded locations before attributing the colonization success to ERH. Though ERH is a plausible explanation for the colonization success of introduced species, research is still needed address whether or not shifts in host--parasite dynamics of introduced species aid in their colonization or in the decline of natives.

Although comparison to natives is not imperative to substantiate the ERH because the hypothesis is strictly based on the abundance and richness of parasites in an introduced species in its native versus introduced range, we acknowledge that this study would have been much stronger with the inclusion of a comparison of the parasites of the native treefrogs in Florida to parasites found in the invasive Cuban treefrogs in Florida. This might have suggested that exposure to parasites is higher in the introduced than native range of CTFs, which might help to explain their higher parasite abundance in their introduced range. Unfortunately, at the time of these collections, the Southwest Florida Water Management District prohibited collection of native frogs from this county park. Understanding how diseases shift between introduced and native populations can be imperative to prioritizing efforts in the conservation of species, and future work should focus on collecting CTFs as well as native treefrogs from various locations throughout the introduced range of CTFs to determine if their success is at least partially attributable to a loss or introduction of parasites.

Frog collections were authorized by Florida Fish and Wildlife Conservation Commission Conditional/Prohibited Species Special Permit ESC 06-07, ESC 06-07A, ESC 07-02, and ESC 08-04, and by yearly Southwest Florida Water Management District Special Use Authorization Letters. Flatwoods Park personnel provided site access. The University of Tampa Dana and Delo grants provided partial funding to TSC. K. R. Campbell and S. A. Johnson provided equipment and logistical support. Field and lab assistants included S. Bell, N. Briend-Smith, E. Brown, B. Buckingham, M. Dykes, M. Friedman, J. Guzy, A. Gordon, A. Harding, M. Hawk, K. Hoffmann, M. Hudson, J. Ipock, P. Irvin, L. Jordan, E. Langan, M. McGarrity, S. Nelson, L. Oliver, N. Szczecinski, and B. Walters. I would like to thank Charles Bursey and Omar Amin for their assistance in identifying parasites. Funds for this project were provided by a USDA National Needs Training (2012-38420-30195) Grant to J.R.R.
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###### 

Parasites found in *Osteopilus septentrionalis* from Tampa, FL and whether they were introduced, acquired, and represent new host records.

  Parasite                                  Status in *O. septentrionalis*
  ----------------------------------------- ----------------------------------------
  Acuariid larvae (nematode)                Acquired; new host record
  *Oswaldocruzia lenteixeirai* (nematode)   Introduced; previously reported
  *Aplectana* sp. (nematode)                Likely introduced; previously reported
  *Physaloptera* sp. (nematode)             Undetermined; new host record
  *Rhabdias* sp. (nematode)                 Undetermined; new host record
  *Physaloptera* sp. (nematode)             Undetermined; new host record
  Digenean metacercaria (trematode)         Undetermined
  *Cylindrotaenia americana* (cestode)      Undetermined; new host record
  Pentastomid                               Undetermined; new host record

###### 

Prevalence, mean intensity (range), mean abundance, and location of parasites found in 330 *Osteopilus septentrionalis* from Tampa, Florida.

  Parasite                                Prevalence (\# infected/\# examined, %)   Mean intensity ± SE (range)   Mean abundance ± SE   Habitat[a](#tbl2fna){ref-type="table-fn"}
  --------------------------------------- ----------------------------------------- ----------------------------- --------------------- -------------------------------------------
  Nematoda                                                                                                                              
   *Aplectana* sp.                        50                                        24.82 ± 5.2 (1--150)          11.3 ± 2.5            a--c
   *Oswaldocruizia lenteixeirai*          4                                         1.4 ± 0.2 (1--14)             0.06 ± 0.02           b
   *Physaloptera* sp. larvae              1                                         11.3 ± 9.4 (1--3)             0.10 ± 0.09           a--c
   *Rhabdias* sp.                         1                                         1.0 ± 0 (1--3)                0.01 ± 0.005          e
   Unidentified larval acuariid (cysts)   32                                        2.49 ± 0.07 (1--105)          1.2 ± 0.3             a--d, i
  Trematoda                                                                                                                             
   Unidentified metacercaria              36                                        5.2 ± 0.71 (1--52)            1.9 ± 0.3             a--g
  Cestoda                                                                                                                               
   *Cylindrotaenia americana*             0.3                                       3.0 ± 0 (1)                   0.03 ± 0.01           b
  Acanthocephala                                                                                                                        
   *Centrorhynchus* sp. (cystacanth)      7                                         2.1 ± 0.47 (1--11)            0.15 ± 0.04           a--d, f, h, j
  Pentastomid                                                                                                                           
   Unidentified pentastomid               1                                         1.0 ± 0 (1--4)                0.01 ± 0.006          e

a = stomach, b = small intestine, c = large intestine, d = body cavity, e = lungs, f = gallbladder mesenteries, g = kidney mesenteries, h = testes mesenteries, i = liver mesenteries, j = urinary bladder.

###### 

Parasite species previously reported in *Osteopilus septentrionalis* in its native range.

  Parasite                          Habitat   Locality   Reference(s)
  --------------------------------- --------- ---------- ------------------------------
  Nematoda:                                              
  Rhabditoidea                                           
   *Strongyloides* sp.              c         Bahamas    [@bib16]
  Dioctophymatoidea                                      
   *Eustrongylides* sp. (larvae)    d         Cuba       [@bib55]
  Oxyuroidea                                             
   *Parapharyngodon bassi*          d         Cuba       [@bib55]; [@bib57]; [@bib12]
   *Parapharyngodon osteopilli*     c         Cuba       [@bib56]
  c,d                               Bahamas   [@bib16]   
   Larval oxyurids                  b         Cuba       [@bib12], [@bib16]
   Unidentified oxyurid             d         Cuba       [@bib12]
  Cosmocercoidea                                         
   *Aplectana* sp.                  d         Cuba       [@bib12]
   *Aplectana hamatospicula*        d         Cuba       [@bib12]
  Ascaridoidea                                           
   *Contracaecum* sp. (larvae)      b         Cuba       [@bib12]
   *Porrocaecum* sp. (larvae)       b         Cuba       [@bib12]
  Physalopteroidea                                       
   *Abbreviata* sp. (larvae)        b         Cuba       [@bib12]
   *Physalopteroides bahamiensis*   a--d      Bahamas    [@bib16]
   *Physalopteroides valdesi*       b         Cuba       [@bib12]
  Filarioidea                                            
   *Foleyellides brachyoptera*      e         Cuba       [@bib12]
  Trichostrongyloidea                                    
   *Oswaldocruzia lenteixeirai*     b,c       Cuba       [@bib57]
  c                                 Cuba      [@bib12]   
  b,c                               Bahamas   [@bib16]   
  Thelastomatidae                                        
   *Hammerschmidtiella*             ?         Cuba       [@bib59]
  Tematoda:                                              
   *Mesocoelium crossophorum*       b,c       Cuba       [@bib57]

a = esophagus, b = stomach, c = small intestine, d = large intestine, e = body cavity.
